Jaw, tongue and hyoid movementa question of synchrony? discussion paper' A Thexton PhD FDSRCS2 Department Studies of human oral function have generally concentrated upon the movements (or the muscle activity producing the movements) of the jaw in &hewing or alternatively of the tongue in swallowing. This concentration upon movements of different structurd § i different activities has meant that some important aspects of human feeding have nidt received appropriate attention. First, it is obvious that feeding can proceed without chewitig atd al §o clear that the tongue transports food through the mouth in the cycles of' moveffetit ptior to swallowing. Secondly, since the different oral behaviours of feeding are the result of Chatges in the interrelated movements of the jaw, hyoid, tongue, etc., the differences in behavidur Ate not easily understood simply by investigating the movements of individtial anatthmical structures in isolation. The result is that even the basic interrelationships between the movements of the oral structures during feeding in man are poorly understood, despite the pioneering radiological studies of Ardran and colleagues (Ardran & kemlp 1960 , 1970 , Ardran et al. 1958a ). An additional reason for the paucity of hard infdrlnatioti i § that currently the only available technique for simultaneously recording jaw, tongue and food movement intraorally is cineradiography; studies on healthy human volunteers, as distitict from diagnostically related investigations, have therefore had distinct ethical limitations.
There is consequently an obligation to use animal models to obtain the basic understanding of the mechanisms of oral function before detailed studies in mani can be embarked upon. Although a considerable amount of background work on oral functiont hag already been carried out on a variety of animals, most studies have still concentrated upon quite limited aspects of oral activity, although to a lesser extent than human studies. The animal studies have been diverse, using for example, the mudskipper (Sponder & Lauder 1981) , the salamander , the lizard (Throckmorton 1980 , Smith 1982 , 1984 , the bat (Kallen & Gans 1972) , the opossum (Crompton et al. 1977) , the rat (Hiiemae & Ardran 1968 , Weijs & Dantuma 1975 , the rabbit (Ardran et al. 1958b , Weijs & Dantuma 1981 , the pig (Herring & Scapino 1973 , Herring 1976 , the cat (Hiiemae et al. 1978 , Thexton et al. 1980 , 1982 and the monkey (Luschei & Goodwin 1974 , Byrd et al. 1978 , Franks et al. 1981 . Although the details of the oral mtisculoskeletal system may vary considerably between the animals studied and may also differ from niafi, the essential functional mechanisms remain the same. Consequently, many of the movefients ate also broadly similar in nature. Two basic questions that can be answered from afiimal studies and which will be reviewed in this paper are: (1) In what way do the different anatomiical structures act together in the rhythmic movements of feeding? (2) Is there such a thing as a 'basic' pattern of neuromuscular coordination underlying the apparently different oral behaviours involved in dealing with liquid and solid foods?
Over the last ten years, in collaboration with investigators at the universities of-Illinois and Harvard (see Acknowledgments) , several studies of the overall pattern of oral behaviour have been initiated using different animal models. However, only the study of the cat is near completion. The cat has particular advantages as an experimental model since its jaw has a simple hinge movement and there is a great deal of background neurophysiological information available. Although the simple hinge movement of the jaw is unlike that of man and of many other animals, it considerably simplifies the study of the oral system since movements can be considered as occurring solely in the sagittal plane, i.e. in two dimensions only; they are therefore more easily recorded and quantified.
There are two general points to be made about feeding mechanisms. First, the major function of mastication in animals is to convert an item of food that is too hard or too large for immediate swallowing, into something that is of such a consistency or size that it can be swallowed. It is therefore predictable that food particle size or consistency will change progressively with each forceful closure of the jaws and that, in consequence, the sensory input from the mouth will also change both during and following each jaw closure; if the sensory input has any control function, it must be expected that successive changes in the nature of the rhythmic movements will occur. The second general point about feeding is that, although comminution of solid food is an important function in feeding, during the ingestion of liquids the mouth functions purely in a transport mode. Feeding processes in general may therefore be considered as consisting of two potentially separate components or functions: intraoral food transport, and comminution of food or chewing.
Methods used
In the studies of feline oral function to be discussed, the movements of the head, mandible, hyoid, tongue and cervical column were recorded by cineradiography whilst the animals were fed foods of differing consistency. In order to identify some anatomical structures more easily, radio-opaque markers were attached to them. Thus markers were, for example, inserted in anterior, middle and posterior midline sites in the tongue. Subsequently the positions of the various markers were measured on successive frames of film or videotape, the horizontal and vertical coordinates of each point being fed directly into a computer (McGarrick & Thexton 1982) . Electromyographic activity from mandibular, suprahyoid, infrahyoid and extrinsic tongue muscles was also recorded at the same time; this activity was amplified, filtered, digitized and then quantified by integration.
The data load in this type of experiment is such that, for any quantitative approach, manual methods are out of the question. Each frame of film (taken at 100 frames/sec) generates at least 24 numerical values describing the position of the various anatomical structures. A ten-second recording therefore produces 24 000 numerical values dealing with position alone, to which are added 140 000 numerical values describing the electromyographic activity (14 EMG channels sampled at 1 kHz). The cineradiographic and electromyographic data streams are therefore handled by computer. This allows any set of anatomical or electromyographic relationships to be explored (McGarrick & Thexton 1982 , 1983 . The ability to store the positional data in a computer has the great advantage that, before proceeding with a particular display or analysis, one can select whatever coordinate system or reference plane is desired. Consequently a movement, e.g. within the tongue, can be isolated or 'dissected away' from all other movements affecting the overall position or movement of that structure (McGarrick & Thexton 1983 ) simply by: (a) defining one of the points in the tongue as the origin, i.e. by subtracting the coordinates of that point in each frame of film from all values associated with that frame. Thus if the posterior tongue marker is selected as the origin, its x, y coordinates become 0, 0 in every frame; (b) defining a line drawn from the origin to another point in the tongue as the horizontal axis. Thus if the anterior tongue marker is selected, the data for each frame are rotated around the origin until the vertical coordinate of the anterior tongue marker is 0 in every frame.
All structures are consequently displayed as moving about a fixed point in the tongue (in the example cited it is the posterior tongue marker). Structures outside the tongue are ignored. The movements of markers within the tongue (in this case only the middle marker), can then be used to represent movements that are intrinsic to that structure. Similarly, the movement of any point or structure can be represented relative to the mandible or to the palate, etc., by choosing the appropriate origin and 'horizontal' axis.
Jaw movement
The oral activity of the cat is best considered starting with jaw movement. It is a matter of common observation that lapping is an activity involving small angles of jaw opening, but that when a cat eats solid food the activity is characterized by large angles of jaw opening. The angle of opening is, however, not simply a reflection of bolus dimension (Thexton et al. 1980 ). When jaw position or angle of gape is measured from cineradiographs and plotted as a time series from successive frames of film, characteristic profiles of jaw movement are found (Figure 1 ). The profile of jaw movement, when feeding on solid food, consists of four phases each of which has a different average velocity (Thexton et al. 1980) . Starting from the wide open position, there is a fast-close phase, a slow-close phase (once contact with food has been established) and, following minimum gape, a slow-open phase of variable complexity followed by the final phase of fast opening (Figure iB) . When a cat first picks up food, the duration of the slow-open phase is relatively long ( Figure IB) but, within a few cycles, the slow-open phase becomes much shorter ( Figure 1c ); just before swallowing it usually increases again. An important point is that the pharyngeally directed movement of the food bolus, as determined radiographically, is obvious during those cycles in which the slow-open phase represents a large fraction of the total cycle duration (Hiiemae et al. 1978 , Thexton et al. 1980 ) but such food movement is not apparent in cycles in which the slowopen phase is of relatively short duration; these latter cycles generally correspond with chewing activity. In lapping, the profile of jaw movement lacks an obvious fast open/close component ( Figure IA ) so that, for simplicity, it can be regarded as approximating to a cycle with only a slow-close and a slow-open phase (Thexton et al. 1980 ). The slow-open phase therefore occupies a very large part of lapping cycle duration and, in all such cycles, pharyngeally directed movement of the liquid bolus can again be evidenced radiographically (Hiiemae et al. 1978) .
There are two exceptions to the above generalizations. Firstly, a single cycle of exceptionally long duration (e.g. up to 700 msec as compared to the usual 280-370 msec) with a very prolonged slow-open phase can occur in the early part of a feeding sequence.
Milk:
Solid Food: 
Hyoid
The importance of hyoid movement derives from the dual function of the hyoid as a link bone in the chain of depressor muscles of the jaw and as a lingual bone forming the base of the tongue. During the cycles of jaw movement in feeding, the general path of movement of the cat hyoid (and therefore of the base of the tongue) is very roughly elliptical in relation to the palate. As a matter of convention the descriptions of movement assume that the animal's head faces to the left; consequently an elliptical movement passing forwards (to the front of the mouth) before rising and then passing backwards to the pharynx would be described as a 'clockwise' ellipse. -In producing its elliptical orbits of movement, the hyoid always moves forwards relative to the mandible as the jaw starts to open. The fact that this relationship is common to lizards (Smith 1984) , opossums (Crompton et al. 1977 ) and primates (Crompton, personal communication) is scarcely surprising since the muscles that move the hyoid forward originate on the mandible and must therefore exert some opening force upon it.
When the profile of jaw movement has a slow-open phase of long duration, the forward movement of the hyoid relative to the mandible is completed with only a small change of gape; as a result, roughly the same hyoid movement is maintained relative to the palate (Thexton et al. 1982) . In lapping, the forward movement of the hyoid is completed before the end of the period designated as 'slow-open' phase, and the return (pharyngeally directed) movement of the hyoid then occurs partly during the remainder of the 'slow-open' phase and partly during the subsequent jaw closing. The orbits of hyoid movement in lapping tend to be very narrow, elongated ellipses relative to the mandible and, therefore, because of the limited jaw movement, they are virtually the same in relation to the palate ( Figure IA) . When solid food is transported intraorally, the hyoid also moves forward during the first part of jaw opening (i.e. during the slow-open phase), as in lapping. However, the return movement then occurs almost entirely during the fast opening movement of the jaw which is the characteristic of a response to the presence of solid food (Figure iB) . Because of the anatomical connections between the hyoid and jaw, the backwards movement of the hyoid (relative to the mandible), coupled with the wide opening movement of the jaw, results in the hyoid being moved rapidly backwards and downwards relative to the palate (Thexton et al. 1982) . The resulting orbits of hyoid movement (which are-roughly elliptical relative to the palate) are often completed in a clockwise direction. However, when the duration of the slow jaw-opening phase is short, i.e. in 'chewing' cycles, the pattern tends to be broken. In this case the fast jaw-opening movement starts before the hyoid has completed its forward movement relative to the mandible. The hyoid is carried backwards relative to the palate even though it is still moving forwards relative to the mandible (Thexton et al. 1982) . The resulting orbit of movement of the hyoid relative to the palate becomes complicated and the amplitude of its anteroposterior excursion is considerably reduced (Figure Ic) .
The importance of the shape of the hyoid orbits in feeding relates to the movement transmitted directly to the tongue. Whereas this transmitted movement particularly affects the movement of the posterior/pharyngeal surface (Hiiemae et al. 1981 , the movements of the anterior parts of the tongue are less influenced and may differ significantly from the movement of the hyoid. During swallowing there are, however, differences even between the movement of the posterior tongue and the hyoid.
Tongue
There are at least three types of movement that have previously been described as occurring in the tongue. The first type of movement, which has been described as a 'peristaltic wave' (Gwynne-Evans 1951 , Ardran et al. 1958a ) passing over the human tongue, can also be elicited reflexly in the decerebrate cat (Thexton 1973) . The response starts as a longitudinal furrowing of the tongue which appears to empty sequentially by elevation of the floor of the trough from the front backwards, after which it forms again (Thexton 1973 .
Implanted midline markers move in roughly circular paths in the sagittal plane (Figure 2A ), proceeding forwards, upwards, backwards and then downwards with each 'peristaltic' wave (McGarrick & Thexton 1981 .
The second type of movement, described in the tongue of other animals, consists of the anterior, middle and posterior parts of the tongue contracting and elongating out of phase with each other (Crompton & Sponder 1981 , Smith 1984 in such a way that the activities overlap in time, i.e. net elongation and shortening of the tongue occurs.
The third type of movement of the tongue is a bulk movement reflecting the movement of the osteological base of the tongue, i.e. the hyoid (Ardran & Kemp 1975) , as mentioned above.
In a recent series of unpublished experiments in the normally-feeding cat, the relative positions of radio-opaque markers in the anterior, middle and back of the tongue were recorded; their movements were then separately examined relative to the axis of the tongue, the mandible and the palate (Figure 2) as described earlier in 'Methods used'.
Relative to axis of tongue: The 'intrinsic movements' of the tongue showed two clear characteristics. Firstly, when the paths of movement of the markers in the middle and posterior parts of the tongue were plotted relative to the tongue axis ( Figure 2B Each point on the plots represents a measurement taken from a single frame of the cineradiographic record. In these plots the hyoid marker (h) has been defined as the origin of the coordinate system whilst the anterior tongue marker (at) defines the line of the x axis (for further explanation see 'Methods used'). The resultant movements of mt and pt are therefore intrinsic to the tongue. A: Rhythmic tongue movement reflex elicited in a decerebrate cat. B: Intact normally-feeding cat, lapping milk. c: Intact normally-feeding cat, transporting solid food through the mouth. D: Intact normally-feeding cat, chewing solid food. All the orbits of movement proceed in a clockwise direction. In the case of chewing, not only is there some disturbance of the orbit of movement of the middle marker but the tongue adopts a shorter and more humped posture. Apart from this there are, in all cases, strong similarities between the movements of the tongue markers, implying common mechanisms presence of orbits of movement, as found in 'peristaltic waves' (Figure 2A) , was a striking fo,qture irrespective of the type of feeding activity involved. Secondly, when measures of the sequential shortening and lengthening of the distance between the hyoid and tongue markers wore calculated for lapping, elements of the sequential elongation/contraction mechanism described by Crompton & Sponder (1981) and by Smith (1984) were found; they have also been seen in man (Thexton & McGarrick, unpublished data) . The overlap of the periods of contraction and elongation in the different parts of the tongue is, however, considerable in the cat, so that the overall impression is mainly of the tongue shortening, lengthening and changing shape.
Relative to mandible: In addition to the 'intrinsic' movements of the tongue, there is in the cat a bulk movement which is evident when movement is plotted relative to the mandible. This appears to be largely due to hyoid movement being transmitted mechanically to the tongue , Thexton et al. 1982 . Since the forward movement of the hyoid usually coincides with general elongation of the tongue and vice versa, the mechanically transmitted movement of the hyoid increases the range of tongue movement anteroposteriorly. Consequently the overall movement of the tongue markers, relative to the mandible, is roughly elliptical, (Figure 3) . The marker in the posterior part of the tongue usually moves in a clockwise direction, whilst that in the anterior part of the tongue may move either way depending partly upon the type of food ingested.
Relative to palate: Because of the anatomical connection between the hyoid and the jaw, the effect of jaw opening added to the above complex of movements is to modify further the movement of the tongue in relation to the palate. If the jaw opens only a small amount, as in lapping, the effect on tongue movement is minimal relative to the palate (Figure 3A,D) . However, when solid food is ingested and transported intraorally, large and rapid jaw opening/closing movements occur. In this case, although the profile of tongue movement relative to the mandible may be little changed, the tongue movement relative to the palate is dramatically altered (Figure 3B,E) . Anticlockwise orbits of movement relative to the palate may now occur not just in the anterior but in the middle parts of the tongue. This is due to fast jaw opening coinciding with the backwards (relative to the mandible) movement of markers in the tongue; the markers are therefore moved downwards away from the palate as they move backwards. Since the preceding forward movement of the tongue and hyoid occurs at a low gape, this remains unchanged.
Intraoral transport mechanisms
The above findings provide the elements with which one can provide a general explanation of intraoral transport in the cat. The two mechanisms to be described reflect those that are appropriate either to liquid (immediately swallowable) or to solid (not immediately swallowable) foods, although they may also partly reflect a topographical (front/back of the mouth)' division. Intraoral transport can be viewed as having two stages which, in the case of solid food, are particularly clearly separated both spatially and temporally by the act of chewing, i.e. the first stage involves transport from the front of the mouth to the cheek teeth, and subsequently the second stage involves transport of a bolus (mechanically processed in the case of solid food) from the cheek tooth region to the posterior surface of the tongue. The transport mechanisms in these two stages appear to differ (both in the case of solid and liquid food) but the details of the differences are both complex and still under investigation. Consequently only a very generalized account will be given here. It should be noted, however, that none of the movements described are necessarily components of the swallowing process in animals, although the movements do produce accumulation of a bolus on the posterior aspect of the tongue. In non-primate and in some primate animals, this bolus accumulation between tongue and soft palate precedes and is a quite separate event from swallowing. Such an accumulation, preceding a swallow, may also occur in man under some conditions (Ardran, personal communication). The hypothesis is that, dulring the ingestion of both liquids and solids, there is a common component of an intraoral food transport mechanism which operates when the tpngue moves forward during the slow-open phase of jaw movement. In this phase, the tongue and food move against the palatal rugae, stripping off the food from the advancing tongue surface. In the case of lapping, after forward movement, the tongue and hyoid retract (mainly during jaw closing) and liquid is carried backwards upon the rough surface of the tongue. The radiographic appearance suggests that liquid on the posterior of the tongue is also 'squeezed' against the palate by the tongue during protraction so as to produce transport in the pharyngeal direction; this may however also involve some 'peristalsis'. In lapping, stage 1 and stage 2 transport therefore appear to merge. The above types of mechanisms are appropriate to foods that flow; whilst this obviously means liquids, it is worth noting that some very soft semi-solid food boli could also behave in this way, even if only in stage 2 transport.
In the case of a solid food, i.e. that which cannot flow, the tongue surface moves forward during the phase of slow jaw opening, as in lapping, but it is subsequently carried downwards (away from the palate) and then backwards by a combination of shortening of the tongue, backwards movement of the hyoid and rapid depression of the mandible. Consequently any food item upon the tongue surface is carried backwards relative to the palate but out of contact with it. During jaw closure the tongue is then elevated so that the food is brought back into contact with the palate and, when the tongue is elongated and moved forwards in slow jaw opening, it passes underneath the food item retained by the rUgae or by the teeth. The food is therefore placed further back on the tongue surface preparatory to the next backwards movement of the tongue.
A different situation arises when food is chewed; in this case the radiographic evidence suggests not net transport of food but local recirculation of the food bolus (Hiiemae et al. 1978) . There is a reduced anteroposterior movement within the tongue ( Figure 2D ) and, for reasons described above, also reduced movement of the tongue base relative to the palate ( Figure 3F ). When, however, the food consistency is appropriate for the second stage of transport, i.e. movement to the posterior surface of the tongue, movements of the posterior tongue reminiscent of those in lapping may arise, moving the bolus backwards to the pharynx. Bolus accumulation may occur gradually on the posterior surface of the tongue over a number of cycles of movement and this accumulation subsequently leads to swallowing.
Pattern of electromyographic (EMG) activity
When the patterns of EMG activity are examined, there is much that is predictable from the above description of jaw and hyoid movement. The major components of the pattern of EMG activity found in the cat (part of the pattern has also been described by Gorniak & Gans 1980 ) are similar to those reported in other animals (e.g. Herring & Scapino 1973 , Crompton et al. 1977 , Weijs & Dantuma 1975 and correspond to the periods of muscle shortening, the pattern of which has been described . However, EMG activity occurs at times other than during muscle shortening. Many of the submandibular muscles have been found to be active on two or more occasions in each jaw movement cycle, as Gorniak & Gans (1980) have also reported, and as has been reported both in other animals (Weijs & Dantuma 1975 , Crompton et al. 1977 and in man (Moller 1966). The magnitude of these 'non-shortening' bursts of activity can also change in a currently unpredictable fashion during a feeding sequence. Thus although a 'major' pattern of EMG activity (associated with muscle shortening) is clearly discernible, the detail within the 'accessory' pattern (i.e. one not associated with demonstrable muscle shortening) is perplexing. The confusion increases when bursts of the 'accessory' pattern are continuous in time with those of the 'major' pattern.
The main characteristics of the 'major' components of EMG activity generally associated with muscle shortening are: (1) the elevator muscles of the jaw are active during jaw closing (which is hardly surprising); (2) the geniohyoid and genioglossus muscles are active during slow jaw opening, i.e. they are active as the tongue and hyoid are moved forward relative to the mandible; (3) the stylohyoid and styloglossus muscles become active at about the same time as the sternohyoid muscle, usually in the last part of jaw opening, after the hyoid has moved forwards.
The simplified EMG pattern, described above, is seen in lapping, and a similar pattern is seen initially when solid food is ingested. The EMG activity in the elevator muscles of the jaw is of low amplitude when the animal is lapping milk and initially appears to be of a much higher amplitude when the animal is feeding on solid food. However, this large amplitude EMG activity is not associated with the early 'isotonic' closing of the jaw but with the later period during which force is exerted upon the solid food during slow closing of the jaw. The EMG activity that occurs during the 'isotonic' period of jaw closure, in both solid food transport and in chewing, is in fact not greatly different in amplitude from that recorded in lapping. In the case of the anterior digastric muscle, the activity in lapping is very weak, whereas during the transport of solid food it fires regularly and strongly in synchrony with the stylohyoid and sternohyoid muscles during the phase of fast jaw opening. In the shorter-duration chewing cycles (Figure 1) , not only do the digastric, stylohyoid and sternohyoid muscles fire together but they overlap with a significant proportion of the activity in the geniohyoid muscle. This situation corresponds to that described previously in chewing where, although the hyoid is moved forwards relative to the mandible (by geniohyoid muscle activity), the velocity of jaw opening is such that the hyoid is actually carried backwards relative to the palate. This results in orbits of hyoid and tongue movement that are small or complex relative to the palate and which appear to be ineffective in transporting food towards the back of the mouth.
Conclusions
Although the biomechanics of the oral system ultimately dictate a fixed set of relationships between the movements of the different anatomical structures, the relative magnitude and timing of the different components of action are flexible. Thus jaw opening can vary in its time of onset relative to the forward movement of the tongue/hyoid and can also vary in its magnitude and velocity (Thexton et al. 1980) . Depending upon the timing, such a movement can then have a dramatic effect upon tongue movement relative to the palate and so affect food transport. Despite the difference in the cycles of jaw, tongue and hyoid movement between lapping and chewing, that part of the complex EMG pattern represented by 'isotonic' shortening contractions appears to be the common component.
The fact that the pattern of EMG activity in a single muscle can consist of several separate bursts of activity during one jaw cycle, the fact that these bursts represent both shortening and non-shortening contractions, and the fact that the bursts may become contiguous and merged means that, for proper analysis, both EMG activity and movement must be recorded simultaneously. This must. be done in such a way that the two data streams can be reliably synchronized; only then can the different components of activity be separately identified. A further constraint is that currently the only way of recording the movements of all the elements involved in feeding is to use cineradiography. However, it is only by using such a combined experimental method that one can gather the information necessary to understand the part played by the various synchronous and asynchronous activations of the different muscles in the coordination of intraoral food handling movements and thus in the genesis of oral behaviour.
It is only in the light of information, such as that above, that studies can be mounted directly to investigate the extent to which the different sensory inputs from the orofacial complex control or modify normally occurring oral activity. The results of the above study are, however, at least consistent with the suggestion (Thexton 1973 , Thexton et al. 1980 ) that the changing mechanical characteristics of the food item (probably determined by the nature of the mucosa/food contact) are major influences on oral motor patterns.
